Abstract A substantial proportion of patients investigated for anginal symptoms do not have obstructive coronary artery disease upon diagnostic coronary angiography. These patients are significantly more often female than male and many of them have a dysfunction of the coronary microcirculation as the underlying cause for their symptoms. In this article, we describe gender aspects in clinical conditions with angina despite unobstructed coronary arteries. Moreover, we try to give answers as to why microvascular dysfunction is more prevalent among women than men.
Introduction
A substantial proportion of patients investigated for anginal symptoms do not have obstructive coronary artery disease upon diagnostic coronary angiography. These patients are significantly more often female than male and many of them have a dysfunction of the coronary microcirculation as the underlying cause for their symptoms. In this article, we describe gender aspects in clinical conditions with angina despite unobstructed coronary arteries. Moreover, we try to give answers as to why microvascular dysfunction is more prevalent among women than men.
Clinical presentation
Chest pain is one of the most frequent symptoms for seeking medical attention. For the clinician, it is a challenging task to determine the cause of the pain. It is especially important to identify patients in whom the chest pain is of cardiac origin, i.e. angina pectoris, as this may have important consequences for further diagnostic and therapeutic interventions as well as for prognosis.
The description of chest pain associated with obstructive coronary artery disease (CAD) is based on observations in mainly male populations [1, 2] . As a result, the term 'typical' angina has evolved to be defined as exertional chest pain, located retrosternally or in the left chest that resolves at rest or after nitroglycerine administration [3] . It has, however, become apparent that women with obstructive CAD often describe their symptoms different from what has been defined as typical. In a Caucasian population (2,676 women and 2,929 men) with chest pain, Zaman et al. [4] found that women significantly more often complained about 'atypical chest pain' when compared with men. Furthermore, women with chronic stable angina are more likely than men to have chest pain at rest, during sleep or evoked by mental stress [5] in addition to their exercise-related symptoms. Moreover, women with stable angina often have more intense pain, discomfort in the neck area, disturbed sleep and psychosomatic symptoms such as tiredness, tendency to weep and headache [6, 7] , making it challenging to suspect a cardiac origin of their symptoms.
Exercise stress testing
Traditional risk assessment tools for CAD use the patient's demographics, cardiovascular risk factor profile and symptoms [1, 2] . In addition, results from exercise stress tests have been used to optimize risk stratification (e.g. the Duke Treadmill Score) [8] . However, studies have shown that the electrocardiographic (ECG) treadmill test, one of the most widely utilized CAD risk stratification tools, has a lower sensitivity and specificity in women when compared with men [9] . This results in women with anginal symptoms and a pathologic exercise stress test often undergoing diagnostic coronary angiography without finding significant CAD [10] . Consequently, this has led to the interpretation that women often have a false-positive exercise stress test. However, such findings are entirely compatible with ischemic heart disease caused by disorders of the coronary microcirculation [11] , which is more prevalent in women than in men [12] .
Clinical conditions
Patients with anginal symptoms and unobstructed coronary arteries represent a heterogeneous group of patients. Clinically, they can be divided into patients with an acute presentation and those with stable symptoms. The former include patients with acute coronary syndrome (ACS) without culprit lesion such as patients with tako-tsubo-cardiomyopathy, myocarditis or coronary spasm [13] , whereas the latter often comprise patients with microvascular angina (cardiac syndrome X), valvular heart disease or cardiac infiltrative diseases, for instance Fabry's disease [14] (Fig. 1) . Generally, a female preponderance among patients with angina despite unobstructed coronary arteries has been described [10, 15] . However, depending on the clinical condition, there are distinct differences between women and men that will be elucidated in the following paragraphs.
ACS without culprit lesion
Studies have shown that approximately 10-30 % of patients presenting with acute coronary syndrome do not have a culprit lesion [15, 16] . Importantly, women with unstable angina, usually in the form of resting angina, represent the largest group of ACS patients without culprit lesion and around 30 % of them have no relevant CAD upon coronary angiography [15] . Coronary spasm, tako-tsubo-cardiomyopathy and myocarditis have been described as explanations for the acute presentation in this group of patients [16] [17] [18] . Looking at the gender distribution of these conditions, epicardial spasm as the cause for ACS is equally frequent in women and men [16, 19] , whereas patients with myocarditis are more often male than female [18, 20] . In contrast, a clear female preponderance for tako-tsubo-cardiomyopathy has been shown [21] . In a study of 324 German tako-tsubocardiomyopathy patients, 9 % were male and 91 % female [21] . Interestingly, the male in comparison with the female patients had significantly more often out-of-hospital cardiac arrest or cardiogenic shock. Moreover, a physical trigger for the acute presentation was more often found in men than in women, which has also been reported in a Japanese study by Kurisu et al. [22] .
Stable angina with unobstructed coronary arteries
The high use of diagnostic coronary angiography in western countries revealed that a substantial number of patients, mainly women, with stable symptoms suggestive of obstructive CAD actually have no relevant epicardial stenosis [10] . Some authors argued that clinical decision making and referral patterns for diagnostic coronary angiography should be optimized in order to increase the proportion of patients with obstructive disease. However, it may be difficult to improve the selection of patients as suggested because a substantial number of patients with unobstructed coronary arteries, mainly women, have in fact a pathologic non-invasive test indicating the presence of myocardial ischemia. Moreover, we and others [12, 23] have shown that many patients, mainly women, with angina despite unobstructed coronary arteries can have functional abnormalities of the coronary arteries as an explanation for their symptoms. The 
Explanations for the clinical findings
In many of the aforementioned conditions, an involvement of the coronary microcirculation has been described. Apart from microvascular angina (cardiac syndrome X), it has been proposed that viral myocarditis [26] as well as takotsubo-cardiomyopathy have an underlying microvascular dysfunction [27] . Moreover, it has been shown that many patients with epicardial coronary spasm, especially those with the distal diffuse type of spasm, may have additional microvascular spasm/dysfunction [28] , indicating that some forms of epicardial spasm may be an epiphenomenon to underlying disorders of the microcirculation [29] . The fact that patients with coronary microvascular dysfunction are more often women may point towards a different pathophysiology in women compared with men, creating a female phenotype with angina despite unobstructed epicardial arteries. Although the underlying mechanisms are still incompletely understood, there is some evidence to explain these clinical observations.
Coronary anatomy
Although there is little knowledge on cardiovascular anatomy and physiology dissimilarities by gender, it has been shown that the size of a woman's heart and major blood vessels is smaller than that of men of the same race and age. Moreover, the coronary arteries of women often have a smaller diameter, thinner walls and a more winding course [30, 31] , a difference already apparent in early adulthood.
Hormonal differences
Women develop cardiovascular diseases later in life when compared with men, which has been ascribed to the protective effects of oestrogen on the cardiovascular system. Oestrogen has a positive effect on lipid profiles by stimulating high-density lipoprotein (HDL) cholesterol production and reverse cholesterol transport [32] , which results in decreased low-density lipoprotein (LDL) cholesterol and increased HDL cholesterol and triglycerides [33] . Oestrogen deficiency is related to decrease in insulin sensitivity and increase in insulin resistance [34] . Moreover, oestrogen exerts a vasodilatory effect on vascular tone by facilitating smooth muscle relaxation. The increased vasodilatory reserve can translate to an anti-ischemic effect [35] . Transdermal 17b-estradiol decreases frequency of chest pain episodes [36] and decreases exercise-induced angina and ST-segment depression [37] in postmenopausal women with microvascular angina. Interestingly, oestrogen's beneficial effects seem to be gender-dependent, as men do not experience the same improvements in vascular function and coronary blood flow [38] . However, hormone replacement therapy should only be initiated after consultation with a gynaecologist to evaluate the individual pros and cons as well as side effects of such treatment.
Cardiovascular risk factors
The sequelae of the traditional cardiovascular risk factors are well known. However, it has been appreciated only recently that all cardiovascular risk factors can have substantial deleterious effects on the coronary microcirculation leading to vascular damage, enhanced susceptibility to vasoactive stimuli and microvascular rarefaction [39] , mainly via enhanced vascular inflammation [40] [41] [42] . In this context, it has been shown that women have, on average, higher mean C-reactive protein concentrations compared with men, a gender difference apparent at the time of puberty [43] . Moreover, the relative risk of future cardiovascular events increases with increasing levels of high-sensitivity C-reactive protein, acting synergistically with other risk factors to accelerate ischemic heart disease risk in women [44] [45] [46] . Several inflammatory markers, including high-sensitivity C-reactive protein, are related to cardiovascular risk factors such as the cardiometabolic syndrome or type 2 diabetes [42, 47] . It has been shown, for example, that obese women have higher leptin concentrations compared with obese men [48] , which can result in a more intense vascular inflammatory response [49] .
Treatment approaches
Physicians should be aware of the different clinical conditions responsible for angina despite normal-appearing coronary arteries. Consequently, investigations for the mechanisms of angina should be pursued (e.g. assessment of coronary vasomotor responses using acetylcholine [12] and/ or cardiac magnetic resonance imaging). Only with such an approach, appropriate medical treatment can be initiated. However, patients with refractory angina may undergo percutaneous coronary intervention or even coronary artery bypass surgery in the absence of any significant stenosis, as minor lesions are accused to be the cause of the problem (Fig. 3) . This not only exposes the patients to unnecessary risks associated with the procedure but may also lead to psychological problems when the patients continue to have chronic pain.
If vasomotor abnormalities have been demonstrated, strict control of cardiovascular risk factors should be pursued. In addition, patients should receive drugs to improve endothelial function or to reduce inflammation, such as angiotensin-converting enzyme (ACE) inhibitors [50] and statins [51] . Epicardial coronary vasomotor abnormalities should be treated with calcium channel blockers. In patients with a resting heart rate of > 70/min, administration of diltiazem is recommended. If the heart rate is < 70/ min, amlodipine should be administered. Nitrates are also recommended for treatment of epicardial vasomotor abnormalities. They should be administered together with calcium channel blockers in order to maximise the therapeutic benefits. Nicorandil can also be used to control chest pain associated with coronary vasospasm or reduced vasodilator capacity in response to exercise [52] . In patients with exertional anginal symptoms and who were found to have microvascular dysfunction by provocative testing, calcium channel blockers and nitrates may be used as first-line therapy. However, the use of nitrates in these patients has shown variable efficacy. Nitrates do not seem to be better than beta-blockers such as atenolol [53] . In some patients, symptom control may only be achieved if medical treatment is complemented with nicorandil or ranolazine [54] .
Prognosis and health resource utilisation
Although previous studies in patients with angina and unobstructed coronary arteries have reported a favourable prognosis regarding cardiovascular events during followup [55, 56] , recent data among larger patient cohorts have shown that this group of patients has a risk of approximately 1-1.5 % per year for adverse cardiovascular events such as myocardial infarction or cardiac death [57] [58] [59] . However, estimation of prognosis can be difficult as prognosis in certain subgroups may be different because of the heterogeneity of mechanisms responsible for clinical presentation with angina and unobstructed coronary arteries. Nevertheless, improving the patient's symptoms should be one of the main goals of the therapy as this has also been shown to improve outcome [60] .
Moreover, there is a high morbidity in these patients during follow-up, resulting in frequent medical consultations and consumption of healthcare resources especially in women with angina and unobstructed coronary arteries. Interestingly, the reasons for the high costs of care are due to the presence and persistence of anginal symptoms. In addition, it has been shown that patients with angina and unobstructed coronary arteries require more medication than those with angina due to obstructive coronary artery disease. In fact, the costs of anti-anginal drug therapy were higher for women with non-obstructive CAD as compared to those with obstructive CAD [61] . It is estimated that nearly half of women presenting for a de novo chest pain evaluation will still have angina symptoms at 5-year followup [61] . Thus, one can easily envision how high costs of care can be influenced by chest pain symptoms.
Conclusion
Patients with angina despite unobstructed coronary arteries are often women. A dysfunction of the coronary microcirculation is more prevalent in women because of a combination of risk factors, vascular inflammation and hormonal alterations. Although these patients represent an important group of patients, many of them are not properly managed because the mechanisms underlying their discomfort are not properly investigated. Thus, owing to ongoing symptoms, these patients are responsible for a substantial part of healthcare expenditure in western countries. In today's personalised medicine, metabolomics and proteomics should focus on gender differences in pathway regulations and ways to modify them. If we know more about the underlying mechanisms and about how to investigate them thoroughly but economically, we will not only be able to reduce healthcare costs but may also be able to improve mortality and morbidity. 
